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Title of Study: An investigation into the velocity-dependence of the coefficient of friction
between concrete and maraging steel
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This work investigates the velocity-dependent coefficient of friction between concrete
and 300 Maraging steel over short displacements. A modified torsional Hopkinson bar is utilized
for rotating thin-walled steel rings in contact with a concrete disk under static precompression.
Rotational velocity is varied between tests to determine the velocity dependence of the friction
coefficient. Normal force is varied between certain tests to determine the pressure dependence of
the friction coefficient between the concrete and steel. Three different types of concrete are
tested to deduce any composition effect on the friction coefficient. Dry and greased conditions’
impact on the friction coefficient are also evaluated. Lastly, the displacement dependence (fade)
is considered for the concrete with regards to the steel. Discussion of the usefulness of this data
in modeling and experimentation of impact between concrete and steel is disclosed.
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CHAPTER I
INTRODUCTION
1.1

Friction and its Applications
Friction is a ubiquitous property of sliding resistance between two opposing surface and

has been investigated for many materials since antiquity1–4. With the advance of braking systems
in transportation and machinery, knowledge into the speed and pressure dependency of friction
has been a key advancement in friction technologies and modeling5–10. As such, only in the last
century have the techniques in dynamic measurements of friction have been developed [add
references on this]. Nevertheless, many applications exist which require the measurement of
frictional effects, including: projectile impact, structural vibration, breaking and controls, and
mechanical experimentation5–8,10–13.
The friction coefficient between concrete and steel is a particular area of interest in
applications which model the interactions of steel on concrete during various contact events 14,15.
Since many structures are made of both concrete and steel, vibrations between members induce
considerable friction effects that are both varied in velocity and pressure with short sliding
distances but repetitive cycling16,17. In contrast, many interactions of impact are between steel
projectiles and concrete are at a high velocity with a complex pressure profile and short distance,
but only with a singular event duration18,19. Furthermore, most high speed experimentation on
concrete performance and quality involves friction values that are rarely considered or quantified
even though this quantity is known to heavily effect the results and interpretation of data20,21.
1

Concrete and steel are known to exhibit velocity dependence in frictional interactions, and the
extent of this dependence is essential in computer simulations which contain friction. Raous and
Karray14 found a variable friction coefficient for static and dynamic friction was necessary for
accurate curve-fitting of a friction model to experimental data obtained from a steel-concrete
interface. When using a constant friction coefficient, the friction curve generated by the model was
skewed from that of the experimental data, thus showing the importance in understanding how
friction changes with changes in velocity for any steel-concrete material pair.
1.2

Friction in Literature

Example Paragraph One study by Rabbat and Russell22, the effect on the static friction
coefficient between concrete and medium carbon steel was investigated between wet and dry
conditions. Dry condition was determined as the dried concrete and steel interface, and wet
conditions were determined by immersing the concrete block in water after breaking the
concrete-steel bond after setting. Testing results showed a strong decrease in friction coefficient
in the wet condition. Since the decrease in friction is mainly attributed to the lubrication surface
due to water, lubricated surfaces, such as in compression testing of concrete should also see
similar effects, but it’s unclear how this is affected by speed, especially since lubricated surfaces
tend to have smaller velocity dependencies than dry surfaces23.
In another study, by Baltay and Gjelsvik24, the coefficient of friction vs. normal stress
(pressure) was considered over a short sliding distance at slow speeds. Pressure was shown to have
an increasing effect on the friction coefficient in some of the testing performed on mild steel
surface with mill scale. Since many applications between steel and concrete, such as in impact
scenarios, have varying pressures, this information is critical to the understanding of projectile
impact kinetics and kinematics, such as in ricochet25,26.
2

The aforementioned studies show that the average friction coefficient can be obtained via
the experimental methods used a hydraulic ram in series with a load cell for the tangential load,
and normal force was provided by weights placed on two concrete pads compressing the square
steel specimen as it was pulled by the tangential ram. Normal and tangential forces were
monitored during the test and used to obtain coefficients of friction vs. normal stress (pressure).
In this type of test, variations from static to dynamic friction cannot be attained because load cell
and hydraulic rams do not have the frequency limits high enough to attain such a transition27–29.
Other more common methods, such as the pin on disc, also suffer from this dynamics challenge
and require considerable sliding distance to achieve equilibrium to gain useful measurements30.
However, in many dynamic applications involving steel on concrete, friction is highly dynamic
and quickly changes both pressure and velocity over very short distances, such as in vibration
and impact scenarios. Therefore, a special experimental technique that can provide this highly
dynamic data is warranted.
Torsional Kolsky/Hopkinson pressure bars have been used in previous studies to
experimentally measure the viscosity of fluids at high rates31–33. In a study performed by Lim, et
al., viscosities were successfully measured using the torsional Hopkinson bar setup at shear strain
rates of up to 280,000 s-1. Validation for these methods were provided by experimentally obtaining
inertial forces applied to Newtonian fluids for which a squeeze flow model was used to derive
theoretical values for those inertial forces experienced during testing. After experimentation, the
theoretical predictions matched the results of the experimental data. Similar experiments have used
the same basic technique and achieved similar results with corresponding validation for their
findings. Since this method for using a torsional split-Hopkinson bar has been performed and
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validated, there is reason to assume the technique can be adapted to measure the friction coefficient
between different material pairs.
The experiments set forth in this paper will quantify frictional interactions at high sliding
velocities between 300 maraging steel and the three types of concrete being investigated.
Obtaining the coefficient of friction using torsional Hopkinson bars is a reliable method for
achieving high accelerations while keeping sliding velocities relatively low, mitigating the
gradual rise predicted by the Stribeck curve at extremely high velocities. For this reason and
others, all testing at high and low sliding velocities will be performed on torsional Hopkinson
bars modified to capture the coefficient of friction. Software and equations utilized to obtain and
validate friction curves will be outlined, and the resulting curves analyzed to observe the effect
of high sliding velocity on the coefficient of friction for different types of concrete.

4

CHAPTER II
EXPERIMENTAL METHODS
2.1
2.1.1

Modified Torsional Hopkinson Bar
Experimental Setup
The aluminum torsional split-Hopkinson bar (TSHB) setup at Mississippi State

University used in obtaining the experimental data in this work is shown in Figure 2.1 (a), (b),
and (c). Components consisted of the two 5/8” 6061 aluminum incident and transmission bars,
round brass bearings through which the bars passed through for fixturing, 300 maraging steel
rings, the hydraulic torsion isolation clamp attached to the incident bar, and two axial/torsional
hydraulic actuators for providing necessary loads for testing. The bar, previously used for torsion
testing, was retrofitted with the thin-walled 300 maraging steel rings press-fit into the opposing
faces of each of the bars. The steel rings, once permanently set into the ends of each bar, created
a friction interface with a 0.1-inch ring contact surface width as measured from the outer to the
inner diameter of the ring.

5

Figure 2.1

Image of actual torsional Hopkinson bar setup at Mississippi State

(a) Specimen friction interface between the bars
(b) Breaker pin clamp on incident bar (breaker pin clamp absent in picture)
(c) Axial load actuator on free end of transmitted bar
Dimensions for the steel rings were a 0.62-inch OD and 0.42-inch ID, yielding a 0.1inch-thick ring surface width from outer to inner on each side as shown in Figure 2.4. This
narrow profile at the ring surface limited deviation from the average velocity calculated at the
friction interaction. The interface between the two bars, along with an example of one of the
concrete specimens tested, can also be seen in Figure 2.1 (a). Figure 2.2 shows a dimensioned
drawing of the maraging steel rings used at the bar-specimen interface.

6

Figure 2.2

2.1.2

Dimensions (in units of inches) of the steel ring friction interface

Experimental Methods
Round concrete specimen discs of a slightly larger diameter than the steel rings were

placed between the opposing faces of the incident and transmitted bars. Subsequently, static
precompression force was applied at the end of the transmitted bar, with torsional preload
applied to the end of the incident bar isolated by the quick-release clamp shown in Figure 2.1 (b)
and Figure 2.510. Once sufficient precompression and torsional loads were applied, the breaker
pin located in the torsion-isolating clamp was broken to release the stored torque in the bar.
Upon release, a torsional stress wave traversed down the length of the incident bar and acted on
the friction specimen. The transmitted stress acted on the bar-specimen interface to produce
sliding motion of the specimen relative to the transmitted bar. Sliding of the concrete specimen
generated a torsion stress wave through the transmitted bar, enabling measurement of the
7

frictional forces produced between the specimen and transmitted bar. Figure 2.3 shows a labeled
diagram of the axial and torsional loading applied to both bars, with a concrete specimen placed
in between for reference. The axial loading is represented with the straight red arrow on the
transmitted bar, and the torsional loading is represented with the curved red arrow placed on the
incident bar.

Figure 2.3

Specimen interface between the incident and transmitted bars (specimen shown is
in dry condition)

Figure 2.4 shows the two types of surface conditions for each concrete friction specimen:
the disc surface with no lubrication on the left, and the disc surface with lubrication (Loctite LB
8012 low friction lubricant). The lubricant on the right disc’s surface can be seen highlighted in
yellow.
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Figure 2.4

Concrete specimen with (right) and without (left) grease lubricant

A diagram of the modified TSHB used is shown in Figure 2.5. In the diagram, the
torsional actuator is shown to the right, followed by torsional strain gages placed on the incident
bar directly after the breaker pin clamp and directly before the specimen interface. The concrete
specimen (thickened for visual aid) is shown between the bars, with the transmitted bar to its
right and the axial actuator to the far right. Journal bearings made of brass, a self-lubricating
metal, are spaced evenly across each bar to maintain a straight profile and mitigate any bending
stresses that could induce destructive “noise” during testing. The bearings used to constrain the
bar during friction experiments can be seen at the center of the maroon brackets which hold the
bar in Figure 2.1 (c).
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Figure 2.5
2.1.3

Diagram of Mississippi State University’s torsional Hopkinson bar modified to test
coefficient of friction

Concrete Specimens
Specimens used for testing in this work consisted of round concrete discs with an outer

diameter larger than that of the steel rings. Thickness of the specimens was 0.35 inches, and both
sides of the disc were cut perpendicular to one another to create a flat disc. Specimens placed in
the test fixturing had an as-cut surface finish which was smooth but not polished beyond the
roughness left by the specimen cutting wheel. The three types of concrete specimens used
included BBR9, Cor-Tuf, and Multifiber, all concretes used by the U.S. military in combat
environments. Figure 2.6 shows the typical concrete specimen used during experimentation.

Figure 2.6

Typical concrete disc friction specimen
10

CHAPTER III
CALIBRATION AND VALIDATION OF METHODS
3.1

Digital Image Correlation Velocity Validation
The modified TSHB was calibrated using digital image correlation (DIC) software Vic

2D in combination with a Photron Fastcam high-speed camera at 80,000 frames per second. The
specimen end of the incident bar was painted with a 5mm x 5mm speckle-coat square to obtain
displacement data. Due to the rotation of the bar, the speckle-coated gage moved in two
directions relative to the camera: vertical in-frame and horizontal out-of-frame (away from the
camera). A validation method which analytically derived the horizontal velocity of the specklecoat was employed to determine displacement and velocity. The equation of a circle was used to
take the radius of the bar and the known vertical displacement, V, of the speckle to derive the
horizontal displacement, U. Figure 3.1 shows the equation of a circle as it relates to the geometry
of coordinates on the circumference and at the center, (h, k).

11

Figure 3.1

Equation of a circle as it applies to the coordinate points

H and k were cancelled out by setting the center of the bar at (0, 0), and rearranging to
solve for x. The horizontal displacement away from the camera was then the difference between
the x-coordinate of the speckle coat and the radius of the bar, therefore the radius of the bar was
added to the equation solving for x. The derived value for x was then used with vertical
displacement values to calculate angular position and angular velocity. The resulting derived
velocity curve was plotted against the velocity curve output from the camera using only the 2D
vertical displacement (shown in Figure 3.2). A minimal amount of disparity was observed
between the derived and direct velocity curves, showing agreement with the small angle
approximation. This validated that the displacement and velocity output directly from the camera
was accurate and could therefore be used for calibration of the bar.

12

Figure 3.2

3.2

Derived velocity curve agreement with 2D velocity camera data

Torsional Hopkinson Bar Calibration
To derive strain values from voltage data, the bars had to be calibrated to find the strain

to voltage factor. As in 3.1, DIC was utilized for calibration. The incident bar was placed in its
bearings and attached to the torsional actuator, after which the breaker pin clamp was clamped to
the bar. Subsequent torque was applied on one side of the clamped end. Once a satisfactory
amount of twist (~15-20 degrees maximum before slippage for the 27” clamped distance shown
in Figure 2.5) was achieved on the torqued end of the bar, the breaker pin was snapped to release
the stored torsional energy to travel axially down the length of the bars. Voltage output from the
transmitted bar’s torsional strain gage was calibrated by first using DIC to calculate the strain in

13

the bar from video data at 80,000 fps. Torque and angular velocity in the bar are directly related
to one another through the torsional impedance, and that relationship is shown in Eq. 3.1.

𝜔=

𝑇
𝑍𝑡𝑜𝑟𝑠𝑖𝑜𝑛

(3.1)

Where:
ω = Angular velocity, rad/s
T = Torque, N-m

Manipulation of Eq. 3.1 yields Eq. 3.2, which was used to find the torque in the bar.

𝛾=

𝑇𝑟
𝐽𝐺

(3.2)

Where:
γ = Shear strain

Once the torque in the bar was known, the shear strain in the bar could be found using
Eq. 3.3:

𝛾𝑆𝐺 = 𝑆𝑇𝑉 ∗ 𝑉
Where:

γSG = Strain calculated from torsional strain gage voltage output
V = Voltage output from the torsional strain gage
STV = Strain-to-voltage factor
14

(3.3)

Figure 3.3 shows the graph used to calibrate the strain gage voltage to torsional strain in the
bar. The orange curve displays the voltage graph from strain gage data which is calibrated to the
blue graph showing DIC strain data from the camera. STV factor of 0.000695 was determined to
be the best fit using an interative approach.

Figure 3.3

Strain-to-voltage calibration graph of strain gage voltage output calibrated to strain
data from camera

15

CHAPTER IV
EXPERIMENTATION
4.1

Data Acquisition
The test sequence described in 2.1.2 were followed for each test iteration to ensure

similar results were obtained each time. Figure 4.1 shows a representative test with the voltage
output from each of the four torsional and axial strain gages placed on the incident and
transmitted bars.

Figure 4.1
(a)
(b)
(c)
(d)

Voltage data from Picoscope DAQ

incident bar torsion strain gage near clamp
incident bar torsion strain gage near specimen
incident bar axial strain gage
transmitted bar torsion strain gage near specimen
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The yellow curve in Figure 4.1 shows voltage data output from the torsional strain gage
placed on the transmitted bar near the specimen interface. Using the voltage from this strain gage
obtained during testing, all coefficient of friction data was derived. The blue and orange curves
in Figure 4.1 show voltage data from the two torsional strain gages placed on the incident bar:
one near the breakaway clamp (blue curve) and the other placed near the specimen interface
(orange curve). For purposes in this study, torsion strain gages were used to verify the wave
speed of the aluminum bars The gray curve shows the axial strain gage placed on the incident bar
which was used to measure the applied normal force during testing.
The test matrix for high rate sliding friction testing consisted of three types of concrete
tested in lubricated (Loctite LB 8012) and dry conditions. Two different sliding rates for each
surface condition were achieved by twisting the clamped section of the incident bar to 5 and 10
degrees. For each sliding rate, normal pressures of 7 and 10 MPa were applied to the specimen
via the transmitted bar. Furthermore, each type of test was repeated at low rate using the
torsional actuator to twist the bar through a certain angle of rotation to test the ability of the bar
to capture the coefficient of friction across a wider range of sliding velocities. The test matrix for
the low rate sliding friction tests was similar to the matrix for high-rate testing, with the only
difference being the single sliding velocity for dry/lubricated surface conditions. 24 total highrate and 12 total low-rate friction tests were performed using the aforementioned test parameters.
Error! Reference source not found. shows an example of a high-rate friction curve
plotted with its corresponding applied normal pressure on the right-side y-axis. The static friction
can be seen as the peak of the blue curve, with the specimen experiencing reduced friction going
to the right from the peak and into the more stable dynamic friction regime.
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Figure 4.2

Example of a high-rate friction graph (blue curve) and applied normal pressure
(green curve)

Figure 4.3 shows an example of a the same high-rate friction curve shown in Figure 4.2,
with velocity shown on the secondary vertical axis instead of normal pressure.

Figure 4.3

Example of a high-rate friction graph (blue curve) and sliding velocity (orange
curve)
18

CHAPTER V
RESULTS AND DISCUSSION
5.1

Friction Coefficient
Results for the static friction coefficients can be seen in Table 5.1, Table 5.2, and Table

5.3. The typical representation for static friction is the maximum value which the friction
coefficient reaches and is therefore the values shown in Table 5.1, Table 5.2, and Table 5.3. Dry
and wet condition results are shown, and the effects of lubrication on the frictional forces can be
seen in the consistent reduction of the static coefficient between dry and wet testing. A validation
for the experimental dry static friction values shown in the tables was performed by using the
inclined plane method (widely accepted as a baseline for determining static friction) to determine
the static coefficient of friction in the dry condition. A plate of high carbon steel was made to
have the same surface roughness of the machined steel rings and a weighted concrete specimen
was placed on the plate. One end of the plate was lifted until the static friction coefficient was
broken, and the angle was recorded using a digital angle finder. The average friction coefficient
using this method was found to be 0.3133 and is in excellent agreement with the results from the
Hopkinson bar testing.
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Table 5.1

Static Friction Coefficient for BBR9 Concrete on Steel

Test Condition

Test Pressure (MPa)
7.0

Dry
10.0

7.0
Lubricated
10.0

Table 5.2

Test Type
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate

μ (static)
0.3369
0.2996
0.2735
0.2649
0.2689
0.2427
0.0888
0.1463
0.1291
0.0757
0.1185
0.1214

Static Friction Coefficient for Multifiber Concrete on Steel

Test Condition

Test Pressure (MPa)
7.0

Dry
10.0

7.0
Lubricated
10.0
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Test Type
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate

μ (static)
0.3036
0.2163
0.2129
0.2874
0.2563
0.2491
0.0709
0.1068
0.0940
0.0753
0.0875
0.0903

Table 5.3

Static Friction Coefficient for Cor-Tuf Concrete on Steel

Test Condition

Test Pressure (MPa)
7.0

Dry
10.0

7.0
Lubricated
10.0

Test Type
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate

μ (static)
0.2817
0.2441
0.2471
0.3121
0.3041
0.2832
0.0749
0.1243
0.1177
0.0671
0.0999
0.0896

Figure 5.1, Figure 5.2, Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6 show the highrate friction curves obtained for each type of concrete (BBR9/CorTuf/Multifiber) at each applied
normal pressure and the two sliding distances tested. Curves are grouped by concrete type and
surface condition (dry/lubricated). Peaks of the curves represent static friction threshold, with the
following portion of the curves falling into the dynamic friction regime. Tests run at the lower
normal pressure of 7 MPa are denoted P1, and tests run at the higher normal pressure of 10 MPa
are denoted P2. Likewise, D1 and D2 represent the lower/higher sliding distances/velocities
achieved by storing 5 and 10 degrees of twist in the torqued portion of the incident bar.
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Figure 5.1

High-rate friction curve for dry BBR9 tests

Figure 5.2

High-rate friction curve for dry Cor-Tuf tests
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Figure 5.3

High-rate friction curve for dry Multifiber tests

Figure 5.4

High-rate friction curve for BBR9 lubricated tests
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Figure 5.5

High-rate friction curve for Cor-Tuf lubricated tests

Figure 5.6

High-rate friction curve for Multifiber lubricated tests
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5.2

Sliding Distance and Velocity
Figure 5.7 and Figure 5.8 show the plotted distance over time for the dry runs of BBR9

concrete specimens. Sliding distances for all three concrete types ranged from 0.2-0.44mm using
the test setup with the modified torsional split Hopkinson bar. Shorter or longer sliding distances
were achieved by adjusting the angle of twist used to store torque in the clamped incident bar
section. Similarly, the two different high-rate velocities were achieved via the same method of
varying the angle of stored twist in the incident bar. During a test, the bar experienced right-hand
rotation while gathering primary friction data, therefore positive displacement can be assumed as
rotation in the right-hand direction (aka clockwise). Some ‘rebound’ was experienced as the bar
came to its maximum sliding distance, therefore a dip can be seen in the curves after the peak
displacement is achieved. Test nomenclature found in the legend in Figure 5.7 shows which
pressure at which the test was conducted (7 or 10 MPa) and the sliding distance (corresponding
to 5 or 10 degrees of twist in the torqued portion of the incident bar).
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Figure 5.7

Sliding distance/displacement over time for the (4) dry BBR9 concrete friction
tests

Figure 5.8 shows the velocity over time of the dry runs for the BBR9 concrete specimens.
Peak velocity was achieved immediately after the static friction was overcome for each test, with
decreases in velocity until no movement occurred.
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Figure 5.8

Sliding velocity over time for the (4) dry BBR9 concrete friction tests

Sliding distance and velocity for the (4) dry Cor-Tuf concrete tests are shown in Figure
5.9 and Figure 5.10.

Figure 5.9

Sliding distance/displacement over time for the (4) dry Cor-Tuf concrete friction
tests
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Figure 5.10

Sliding velocity over time for the (4) dry Cor-Tuf concrete friction tests

Sliding distance and velocity for the (4) dry Multifiber concrete tests are shown in Figure
5.11 and Figure 5.12.

Figure 5.11

Sliding distance/displacement over time for the (4) dry Multifiber concrete friction
tests
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Figure 5.12

Sliding velocity over time for the (4) dry Multifiber concrete friction tests

Sliding distance and velocity for the (4) lubricated BBR9 concrete tests are shown in
Figure 5.13 and Figure 5.14.

Figure 5.13

Sliding distance/displacement over time for the (4) lubricated BBR9 concrete
friction tests
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Figure 5.14

Sliding velocity over time for the (4) lubricated BBR9 concrete friction tests

Sliding distance and velocity for the (4) lubricated Cor-Tuf concrete tests are shown in
Figure 5.15 and Figure 5.16.

Figure 5.15

Sliding distance/displacement over time for the (4) lubricated Cor-Tuf concrete
friction tests
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Figure 5.16

Sliding velocity over time for the (4) lubricated Cor-Tuf concrete friction tests

Sliding distance and velocity for the (4) lubricated Multifiber concrete tests are shown in
Figure 5.17 and Figure 5.18.

Figure 5.17

Sliding distance/displacement over time for the (4) lubricated Multifiber concrete
friction tests
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Figure 5.18

Sliding velocity over time for the (4) lubricated Multifiber concrete friction tests

From the data of velocity and displacement over time, it was found that there was an
overall decreasing trend for the dynamic friction coefficient with corresponding increases in
velocity. As expected, the results show that dynamic friction is rate-dependent and that rate
dependency, or dynamic increase factor, could be derived from the results of this investigation.
This data could be taken and further analyzed to derive curves of the friction coefficient vs.
sliding velocity of the specimen to better understand the relationship between velocity and
friction.
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CHAPTER VI
CONCLUSIONS
6.1

Conclusions
Through this paper, it can be noted that we have:

• Detailed an experimental method of obtaining the coefficient of friction at high and low-rate using
a modified torsional Hopkinson bar setup.
• Acquired data on the high-rate coefficient of friction between 300 maraging steel and three types
of concrete.
• Validated the friction data obtained using the modified torsional Hopkinson bar via a generally
accepted method of calculating the static coefficient of friction known as the inclined plane
method.
Velocity dependence of the dynamic friction coefficient can be seen in Figure 5.1-Figure 5.18 for
the testing between all three concrete types and pressures.
6.2

Recommendations and Future Work
This study investigated the use of a modified torsional Hopkinson bar for measuring the

friction coefficient of two contacting materials. The work done in this investigation was
successful in creating the apparatus for friction measurements and obtained experimental data
within the range of values seen in previous papers on similar materials. Recommendations for
future work include but are not limited to: replacing manual hydraulic actuators with automatic
actuators controlled via sensors, redesigning torsion isolation clamp for increased contact with
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the bar for higher twist angle, expanding the test matrix to contain a higher sampling of data, and
fixing the sample to the incident bar to reduce likelihood of slip.

Future work stemming from the results from this investigation can be done to further
understand how the dynamic friction coefficient changes with varying sliding velocities. Charts
showing friction vs. velocity can be generated using this experimental technique to identify
friction values that are more applicable in simulations where high velocity and low
displacements are present.
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APPENDIX A
FIGURES, TABLES, AND EQUATIONS BY CHAPTER
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A.1

Figures from Section 2.1.1: Experimental Setup

Figure A.1

Image of actual torsional Hopkinson bar setup at Mississippi State

(a) Specimen friction interface between the bars
(b) Breaker pin clamp on incident bar (breaker pin clamp absent in picture)
(c) Axial load actuator on free end of transmitted bar

Figure A.2

Dimensions (in units of inches) of the steel ring friction interface
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A.2

Figures from Section 2.1.2: Experimental Methods

Figure A.3

Specimen interface between the incident and transmitted bars (specimen shown is
in dry condition)

Figure A.4

Concrete specimen with (right) and without (left) grease lubricant
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Figure A.5
A.3

Figures from Section 2.1.3: Concrete Specimens

Figure A.6
A.4

Diagram of Mississippi State University’s torsional Hopkinson bar modified to test
coefficient of friction

Typical concrete disc friction specimen

Figures from Section 3.1: Digital Image Correlation Velocity Validation
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Figure A.7

Equation of a circle as it applies to the coordinate points

Figure A.8

Derived velocity curve agreement with 2D velocity camera data
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A.5

Figures and Equations from Section 3.2: Torsional Hopkinson Bar Calibration

𝜔=

𝑇
𝑍𝑡𝑜𝑟𝑠𝑖𝑜𝑛

(A.1)

Where:
ω = Angular velocity, rad/s
T = Torque, N-m

𝛾=

𝑇𝑟
𝐽𝐺

(A.2)

Where:
γ = Shear strain

𝛾𝑆𝐺 = 𝑆𝑇𝑉 ∗ 𝑉
Where:
γSG = Strain calculated from torsional strain gage voltage output
V = Voltage output from the torsional strain gage
STV = Strain-to-voltage factor
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(A.3)

Figure A.9
A.6

Strain-to-voltage calibration graph of strain gage voltage output calibrated to strain
data from camera

Figures from Section 4.1: Data Acquisition

Figure A.10 Voltage data from Picoscope DAQ
(a)
(b)
(c)
(d)

incident bar torsion strain gage near clamp
incident bar torsion strain gage near specimen
incident bar axial strain gage
transmitted bar torsion strain gage near specimen
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Figure A.11 Example of a high-rate friction graph (blue curve) and applied normal pressure
(green curve)

Figure A.12 Example of a high-rate friction graph (blue curve) and sliding velocity (orange
curve)
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A.7

Figures and Tables from Section 5.1: Friction Coefficient

Table A.1

Static Friction Coefficient for BBR9 Concrete on Steel

Test Condition

Test Pressure (MPa)
7.0

Dry
10.0

7.0
Lubricated
10.0

Table A.2

Test Type
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate

μ (static)
0.3369
0.2996
0.2735
0.2649
0.2689
0.2427
0.0888
0.1463
0.1291
0.0757
0.1185
0.1214

Static Friction Coefficient for Multifiber Concrete on Steel

Test Condition

Test Pressure (MPa)
7.0

Dry
10.0

7.0
Lubricated
10.0

Test Type
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
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μ (static)
0.3036
0.2163
0.2129
0.2874
0.2563
0.2491
0.0709
0.1068
0.0940
0.0753
0.0875
0.0903

Table A.3

Static Friction Coefficient for Cor-Tuf Concrete on Steel

Test Condition

Test Pressure (MPa)
7.0

Dry
10.0

7.0
Lubricated
10.0

Test Type
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate
Low Rate
High Rate
High Rate

Figure A.13 High-rate friction curve for dry BBR9 tests
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μ (static)
0.2817
0.2441
0.2471
0.3121
0.3041
0.2832
0.0749
0.1243
0.1177
0.0671
0.0999
0.0896

Figure A.14 High-rate friction curve for dry Cor-Tuf tests

Figure A.15 High-rate friction curve for dry Multifiber tests
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Figure A.16 High-rate friction curve for lubricated BBR9 tests

Figure A.17 High-rate friction curve for lubricated Cor-Tuf tests
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Figure A.18 High-rate friction curve for dry Multifiber tests
A.8

Figures from Section 5.2: Sliding Distance and Velocity

Figure A.19 Sliding distance/displacement over time for the (4) dry BBR9 concrete friction
tests

50

Figure A.20 Sliding velocity over time for the (4) dry BBR9 concrete friction tests

Figure A.21 Sliding distance/displacement over time for the (4) dry Cor-Tuf concrete friction
tests
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Figure A.22 Sliding velocity over time for the (4) dry Cor-Tuf concrete friction tests

Figure A.23 Sliding distance/displacement over time for the (4) dry Multifiber concrete friction
tests
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Figure A.24 Sliding velocity over time for the (4) dry Multifiber concrete friction tests

Figure A.25 Sliding distance/displacement over time for the (4) lubricated BBR9 concrete
friction tests
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Figure A.26 Sliding velocity over time for the (4) lubricated BBR9 concrete friction tests

Figure A.27 Sliding distance/displacement over time for the (4) lubricated Cor-Tuf concrete
friction tests
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Figure A.28 Sliding velocity over time for the (4) lubricated Cor-Tuf concrete friction tests

Figure A.29 Sliding distance/displacement over time for the (4) lubricated Multifiber concrete
friction tests
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Figure A.30 Sliding velocity over time for the (4) lubricated Multifiber concrete friction tests
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